With the growing public use of the national forests, forest engineers, managers, and planners have had the challenge of maintaining extensive road networks, while minimizing the ecological impacts of those road systems on the environment. Properly spacing road drains for soils, topography, and slope conditions can reduce erosion from road surfaces, subsequently reducing sedimentation risk elsewhere. Knowledge about the amount of soil eroded and delivered from the road system is valuable when making decisions about road drainage design or redesign.
Introduction
Forest roads are an integral part of forest management, timber harvesting, fire suppression, and recreation programs. Research has shown that low-volume roads can be sources of erosion and excess sediment in forest aquatic systems. Because of the increasing concerns for water quality and aquatic habitat, the need to quantify the volume of erosion, compare mitigation procedures, and predict the volume of sediment that is transported downslope or into stream systems has increased. By addressing these issues, plans can be made to implement appropriate drainage and sedimentation controls to protect sensitive areas without over-designing road systems (Burroughs and King, 1989) .
Until recently, road engineers and hydrologists have relied on professional judgement to estimate sediment loss when planning, locating, and reconstructing roads. However, the public is demanding that better science be used to manage forest roads.
Background
The relationships among road erosion and sedimentation with soil, topography, and climate have not been well defined in the forested environments. Low-volume forest roads usually are constructed of native geologic materials. The bare surfaces of these roads are highly susceptible to erosion. Runoff can cause considerable erosion resulting in ruts and gullies. Excessive runoff also has a greater potential for sediment delivery to stream systems, because it has a large sediment carrying capacity (Tysdal et al. 1999) .
Field tests have shown that proper placement for runoff, erosion, and sediment control structures depends on soil type, topography, road dimensions, road aspect, vegetative cover, elevation, and climate (Burroughs and King, 1989; Copstead and Johansen, 1998) . In order to develop an environmentally sound design, all of these factors have to be determined for each road configuration.
Due to the site-specific nature of erosion, design standards for erosion control cannot reasonably be specified at a nationwide or statewide level. Although there are many equations and models that have been developed to estimate erosion and sedimentation, many are limited to certain regions, road slopes, or soils. Models that are robust enough to model complex forested scenarios often are difficult to use. The time, effort, and knowledge required to build templates for these models can be excessive.
The WEPP model uses physically based input parameters to estimate infiltration, runoff, interrill erosion, rill erosion, and sediment yield (Flanagan and Livingston, 1995) . WEPP simulates erosion for consecutive strips of land that has its own soil vegetation and management type, which makes it a suitable model for a forest road erosion study (Elliot and Hall, 1997) . WEPP has been validated for a number of road erosion conditions (Elliot et al., 2000) .
Objectives
The goal of this study was to develop runoff, road erosion, and sediment delivery equations for low-volume road systems. The Water Erosion Prediction Project (WEPP) model was used to generate a database, which was validated for predicted erosion and length of sediment deposition plumes (Morfin et al., 1996; Elliot et al., 2000) . This database was used for developing the regression equations (Graves, 2000) . Such a set of equations would be helpful for designing cross-drain placement and buffer-zone layout to minimize the impacts of sediment from roads on streams.
Method
The basic road template for this study was simple with three road elements: travelway, fillslope, and forest buffer (Figure 1 ). The cutslope and hillslope above the travelway were assumed to contribute a negligible amount of runoff. The travelway was considered flat or outsloping. A broad suite of the road, fill, and buffer lengths and slopes was selected ( Table 1) .
The management file was built to reflect activity on a standard road that gets regular traffic and is maintained by blading, once every year (Elliot and Hall 1997) . The road had a shoulder with little traffic and a fillslope covered in grasses and shrubs. The buffer or forest floor, is covered with a 20-year-old stand of timber and its residue.
Five generic soil files were developed to describe the basic soil types observed in the field (Table 2 ). These soils ranged from fine to coarse grained and include two soils to describe gravel surfacing.
Thirty-year long climate files were generated using the CLIGEN weather simulator. Thirty-three climates were selected to represent the major forested ecoregions of the United States (Table 3) .
Creation of the WEPP Database
A batch file was written to carry out successive WEPP runs and collect only required information from the output files. The resulting database provided information about the amount of sediment generated by various road templates as well as all the key input parameters.
Correlation analysis
A Pearson correlation analysis was carried out to assist with the selection of regression variables. It was also used to see how closely the three dependent variables (total runoff, road soil loss, and buffer sediment yield) were related. The Figure 1 . Diagram of the road scenario: 1. travelway, 2. fillslope, 3. forest buffer correlation analysis was run on the entire WEPP output set, then correlations were run by soil and by ecoregion. Road soil loss was most highly correlated with road total runoff, followed by the buffer sediment yield, road length, and annual precipitation. When the correlations were done by soil and climate the relationships were similar with road gradient added to the list. From these analyses it appears that the total runoff from the road and sediment yield from the profile were the most highly correlated variables to road soil loss. Variations of road length and road gradient were the most important independent variables in the correlation analysis.
Road total runoff had a similar correlation coefficient matrix, with soil loss from the road and precipitation ranking the highest, followed by road length, sediment yield, and elevation. The ranking was the same for the correlation analysis done by soil type. The correlation analysis done by climate indicated that soil should be added to the list. Sediment yield from the buffer was correlated to road soil loss and road total runoff. When the correlations were done by soil, road length, and precipitation were added to the list of correlated variables. When correlating by ecoregion road slope also was correlated.
Regression analysis
A multivariate regression analysis was conducted at three different precision levels. The first level was applied to the entire data set (72,900 lines) and included all of the climate and soil descriptors. Regression performed at this level had very low R 2 values (0.5) and high mean square error (MSE). The second level of regression divided the data set into the 31 categories by the ecoregions represented in the 33 climates. This level had better results with R 2 values around 0.7 yet still had a high MSE. The third level of regression was, by soil and ecoregion (155 categories) and had R 2 of 0.9 +/-0.05 and MSE of 0.5. The regressions were done with different models as well: a main effects model, a main effects with interactions model, and a quadratic model. From each of those regression models, the ten variables or variable sets that most influenced the regression equations were considered for a final regression or User-Defined model. This procedure was repeated for soil loss from the road, runoff from the road, and sediment yield from the profile. Finally, new data set resulting from the regression equation calculations was graphically compared to the original WEPP output used for the regression to see how well the equation fit the WEPP output data (Graves, 2000) .
Road Soil Loss
The first regression analysis was calculated to estimate the road soil loss. (Table 3 ) SOL = Soil type (Table 4) The erosion predicted by equation (1) was graphed against the original WEPP output set (Figure 2 ). This figure showed a fairly tight distribution of points running along the one-to-one line, with increasing variance as the values become larger. About 86% of the points were inside the +/-25% envelope and approximately 98% lie with in +/-50% envelope (S.R.M. Graves, 2000) . (Table 3 ) SOL = Soil (Table 4) The total runoff regression equation then was used to calculate a new output set to compare with the WEPP output set (Figure 3) . This graph had a tight cloud of data points rising at a one-to-one slope. There was a distinctive pattern to the cloud that appears to be associated with road length. This indicated that under some circumstances the road coefficient was not quite correct. About 81% of the values were within +/-50% of the WEPP output values, and 60% were within +/-25%. When runoff values less than 5 mm per year were excluded from the output sets, 82% of the data points were within +/-25% and 97% were within +/-50% (Graves, 2000) . 
Road total runoff from the road

Sediment yield from the buffer
Finding an equation to estimate sediment yield from the buffer was more challenging than finding a model to estimating road soil and runoff. This variable depended on both the soil from the road and runoff from the road. Thus, it was important that those variables were estimated well. It also depended on the buffer topographic and soil conditions.
Various methods were investigated to alleviate this problem. Finally, an equation was derived by adding one kg to all of the sediment yield values, eliminating the problem of zero and near-zero values. This equation provided the best results, but still appeared to be underestimating sediment yield. This could be due to the fact that many of the WEPP predicted sediment yields were zero, potentially skewing heavily the regression results low. Or, it is possible that the values found using the equations for road soil loss and road runoff were causing a underestimation in the sediment yield equation.
The final equation for sediment yield from the profile had eight variables:
Log10 ( However, when the output data set was plotted against the WEPP output set, the regression equation appeared to under-predicted the sediment yield much of the time. Only about 32% lie within +/-25% and 47 within 50%. This was disappointing, it is apparent that more factors contribute to the transport and delivery of sediment across a buffer strip than what was available for these regression equations.
Summary
This study was to provide a versatile working tool to allow forest road planers to estimate erosion from forest roads to assist with road planing and placement of cross-drain structures. The road soil loss and total road runoff equations were successful in this goal. Both of these equations described the WEPP-predicted database reasonably well.
The Sediment yield equation that would have provided insight into road location and volumes of sediment reaching sensitive areas was less successful. These values under predicted the larger volumes of sediment by almost a half, while road configurations with low sediment yields were fairly close to the WEPP derived numbers. 
